Apoptosis is a fundamental feature in the development of many organisms and tissue systems. It is also a mechanism of host defense against environmental stress factors or pathogens by contributing to the elimination of infected cells. Hemocytes play a key role in defense mechanisms in invertebrates and previous studies have shown that physical or chemical stress can increase apoptosis in hemocytes in mollusks. However this phenomenon has rarely been investigated in bivalves especially in the flat oyster Ostrea edulis. The apoptotic response of hemocytes from flat oysters, O. edulis, was investigated after exposure to UV and dexamethasone, two agents known to induce apoptosis in vertebrates. Flow cytometry and microscopy were combined to demonstrate that apoptosis occurs in flat oyster hemocytes. Investigated parameters like intracytoplasmic calcium activity, mitochondrial membrane potential and phosphatidyl-serine externalization were significantly modulated in cells exposed to UV whereas dexamethasone only induced an increase of DNA fragmentation. Morphological changes were also observed on UV-treated cells using fluorescence microscopy and transmission electron microscopy. Our results confirm the apoptotic effect of UV on hemocytes of O. edulis and suggest that apoptosis is an important mechanism developed by the flat oyster against stress factors.
demonstrated that apoptosis can be activated through both pathways in bivalves. In the 48 Mediterranean mussels Mytilus galloprovincialis, a modulation of genes involved in the 49 intrinsic pathway such as p53, Bax, Bcl2 and BI-1 was described in hemocytes exposed to UV 50 [21] . A homolog to Bcl2 was also reported from Pacific oyster hemocytes exposed to Ostreid 
59
In O. edulis, few studies related to apoptosis have been carried out up to now [23, [25] [26] [27] .
60
Experimental studies have shown modulation of genes involved in apoptosis and suggested 61 that in flat oysters, O. edulis, apoptosis is involved in response to infection with the protozoan 62 parasite B. ostreae [23, 26, 27] . A particular study reported apoptosis associated with gill 63 lesions based on morphological modifications and fragmentation of DNA [28] .
64
Considering the importance of apoptosis in response to pathogens or stress factors in 65 mollusks and the lack of information in the flat oyster O. edulis, we have studied cellular 66 changes in hemocytes from this oyster species. Oysters used in the present study were 67 collected from two natural populations genetically different and originating from two different 68 geographic locations [29] .
69
The aim of this study is to investigate the effect of various stress factors on hemocyte 
2.2.Haemolymph collection

85
Hemolymph was withdrawn from the adductor muscle of oysters with a 1 mL syringe and 86 a needle of 0.60 x 25 mm. Hemolymphs were kept on ice to avoid cellular aggregation and 87 were filtered between 60 and 100 µm to remove debris and cell aggregates. Hemocytes were 88 counted using a hemocytometer and concentration was adjusted at 5. UV-exposed and non-exposed hemocytes collected from oysters originating from
166
Quiberon were observed under fluorescence microscope (Leica DFC3000 G). One hundred 167 µL of cell suspensions were stained using Annexin-V or JC-10 using the same protocol used 
2.7.Transmission electron microscopy (TEM)
176
Hemocyte suspensions (1.10 6 cells) were centrifuged at 500 x g for 8 min at 4°C and 
222
Modulation of the ∆Ψm in UV treated hemocytes was also evaluated by epifluorescence 223 microscopy ( Fig. 2C) . Non-exposed hemocytes showed more red staining, corresponding to 224 aggregate JC-10, than UV-treated cells. Conversely, in UV-exposed, free JC-10 emitting 225 green fluorescence, was more abundant than in control. A significant decrease of the 226 fluorescence intensity ratio was noticed between UV treated cells (ratio=1.19 ± 0.26) and non-227 treated cells (ratio=2.16 ± 0.66) at 6 hours after UV exposure (Fig. 2D) . 
3.2.Plasma membrane modification and caspase activities 229
Two additional apoptosis parameters were measured in hemocytes after UV and 230 dexamethasone exposure: caspase activation (Fig. 3) and externalization of phosphatidyl-231 serine on plasma membranes (Fig. 4) . Four populations of cells were described for these two 232 parameters: alive, apoptotic, primary or secondary necrotic and dead cells (Fig. 3 and Fig. 4 ). 
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Percentages of cells that showed caspase activation were similar in control and in hemocytes 251 treated with dexamethasone ( Fig. 3A and B) . Conversely, UV-exposure induced a significant 252 increase of caspase activation in hemocytes from Quiberon oysters (Fig. 3A) . Time of 253 incubation did not modulate this parameter. Quiberon and Corsican oysters (p<0.001) (Fig. 4A and B) . In addition, UV-treated cells 265 showed an increase of secondary necrosis between 2 and 6 hours from 11.87% ± 5.01 to 266 19.78% ± 2.86, but only for hemocytes of oysters from Quiberon.
267
Modification of plasma membrane in UV treated hemocytes was also evaluated by 268 epifluorescence microscopy (Fig. 4C) . Few cells showed Annexin-V staining in control after 269 6 hours (7.6%) compared to UV treated cells (23.6%). Annexin-V staining was observed in (Fig. 4Cb-c) . Only 11.3% of cells presented IP staining in nucleus 273 corresponding to necrotic or dead cells (Fig. 4Cd) . 
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( Fig. 5A and B ). An increase was also observed between 2 and 6 h of incubation only for cells 289 treated with dexamethasone and UV. 
3.4.Hemocyte populations and apoptosis
297
In order to evaluate if UV affected more specifically granulocytes or hyalinocytes, the 298 mean percentage of each hemocyte population was compared between exposed and non-299 exposed hemocytes from Quiberon and Corsican oysters ( Fig. 6A and B) . In both oyster 300 groups, the percentage of hyalinocytes was higher than percentage of granulocytes (p<0.001).
301
UV significantly decreased percentages of hyalinocytes and increased percentages of 302 granulocytes at 2 and 4 hours post exposure in hemocytes from Quiberon (Fig. 6A) .
303
Percentages were not significantly different between control and UV treated cells for Corsican 304 oysters (Fig. 6B) .
305
In order to test if apoptosis occurred more specifically in granulocytes or hyalinocytes (Fig. 6C) and at 4 h (p<0.05) for Corsican oyster and for 313 granulocyte at 4 h (p<0.01) for oyster from Corsica (Fig. 6D) . To support results obtained using flow cytometry, fluorescence microscopy and TUNEL, 327 UV-exposed hemocytes from Quiberon were also examined by TEM. Different 328 morphological modifications were observed and were used to distinguish between apoptosis 329 and necrosis (Table 1) . Most of non-exposed cells showed normal nucleus with non-330 condensed chromatin and no cytoplasmic modifications (Fig. 7A) . After 4 hours of 331 incubation, non-treated samples showed 61% of living cells (Table 2 ) while an increase of 332 apoptotic cells was observed in UV-treated samples (44%) ( Table 2 ). The most important 
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7C and E). Deformation and fragmentation of the nucleus could also be noticed (Fig. 7D) . In 346 addition to nucleus alteration, some cells showed membrane blebbing and apoptotic bodies 347 ( Fig. 7B and E) . Pictures interpreted as hemocytes phagocytosing or having phagocytized 348 apoptotic cells were sometimes observed 6 h after UV-exposure (Fig 7F and G) . (Fig. 7E ) and dissolved in primary necrosis (Fig. 7H) .
354
Based on morphological modifications of Table 1 (Table 2) . 
360
Morphological features
387
In order to confirm that apoptosis occurs in hemocytes of flat oysters, we exposed them to 
